INTRODUCTION
End stage renal disease and its precursor chronic kidney disease are emerging public health problems because of their associated adverse clinical outcomes, poor quality of life, and high healthcare costs. Given that chronic kidney disease (defined as glomerular filtration rate below 60 ml/min/1.73 m 2 ) is often not detected until it is advanced, screening programmes using blood or urine tests have been recommended. [1] [2] [3] With population based screening, however, there are potential benefits (such as early identification and treatment of affected patients) and drawbacks (such as identification of patients with only mild disease, in whom additional treatment might not be warranted). 4 Several studies have examined the effectiveness of screening for chronic kidney disease with estimated glomerular filtration rate or urinalysis. [5] [6] [7] [8] [9] Previous studies of screening in high risk groups have found that it would identify one person with disease for every three to six people screened, [5] [6] [7] [8] [9] [10] whereas population based screening would detect one for every 16-21 people screened. 10 11 Existing cost effectiveness studies have examined screening only with urinalysis. 12 13 As only 26% and 3% of North Americans with glomerular filtration rate <30 ml/min/1.73 m 2 , and 30-60 ml/min/ 1.73 m 2 , respectively, have macroalbuminuria on urinalysis, this form of screening would be expected to miss a considerable proportion of people with chronic kidney disease. 10 While clinical practice guidelines for chronic kidney disease from the National Kidney Foundation/Kidney Dialysis Outcomes Quality Initiative have recommended targeted screening of high risk patients, including those with diabetes or hypertension and aged >60, 1 14 others have suggested a population based approach. 4 15 16 The International Federation of Kidney Foundations recently surveyed its 28 member nations on the existence of screening programmes for chronic kidney disease, and 24 reported some form of screening activity. 17 While most programmes entailed screening for disease among high risk groups, including those with hypertension, diabetes, and a family history of chronic kidney disease and older people, a few countries, including Hong Kong, Japan, and the Netherlands, have active population based screening programmes. Given the current interest in screening, as well as the controversy concerning its optimal use, we assessed the cost effectiveness of population based screening for chronic kidney disease based on estimated glomerular filtration rate alone (compared with no screening) in all adults and in subgroups of people defined by age, diabetes, and hypertension.
METHODS

Overview and validation
We carried out an incremental cost utility analysis of one-off screening for chronic kidney disease with estimated glomerular filtration rate compared with no screening in adults with no previous assessment of glomerular filtration rate. The box shows a high level overview of the modelling process.
In the base case analysis we used the perspective of the publicly funded healthcare system. Health benefits were measured in cases of end stage renal disease prevented and quality adjusted life years (QALYs) gained over a lifetime. We also assessed the incremental cost associated with screening for chronic kidney disease and measured the incremental cost per QALY gained. Costs and benefits were discounted at 5% annually. All costs were inflated to 2009 Canadian dollars (1 $C= £0.59=€0.67=US $0.83) by using the Canadian healthcare consumer price index.
Computer simulation model
We constructed a Markov model using decision analysis software (TreeAge Pro Suite 2007, Williamstown, MA) in accordance with existing guidelines for economic evaluation. 19 Base case analyses were performed with Markov cohort simulation with transitions modelled on an annual basis, though we used first order Monte Carlo simulation to determine the incidence of end stage renal disease over time. We considered several health states in both the screening and no screening strategies, including people without chronic kidney disease, those with non-dialysis chronic kidney disease, patients receiving dialysis, and patients with a functioning transplant.
Model validity was established, 20 including internal validation with primary clinical data (R 2 between model outcomes and primary data was >0.97 for both end stage renal disease and mortality at five years) and external validity by comparing with other published reports. 21 22 Among patients with chronic kidney disease, mortality and end stage renal disease was 24% and 2.7% at five years and 71% and 4.1% at 20 years, respectively. Several models were evaluated, and, given the excellent performance of all models, we used the simplest and most transparent model, where chronic kidney disease is represented as one health state (as opposed to modelling patients with varying severity of chronic kidney disease as three separate disease states 1 ), in accordance with optimal modelling guidelines. 20 Additional benefits of modelling with only one health state is that it offers increased flexibility to incorporate estimates of benefit (that is, relative risk for end stage renal disease and death) as reported in clinical trials, compared with models that use several distinct stages of chronic kidney disease based on severity of disease.
Data inputs
We based the prevalence of non-dialysis chronic kidney disease (estimated glomerular filtration rate <60 ml/min/1.73 m 2 ) on the results of the National Health and Nutrition Examination Survey III, a representative survey of the North American population stratified by age and the presence of diabetes. 10 In the survey, conducted by the National Center for Health Statistics in the United States, data (including estimated
Overview of analysis
The prevalence of undiagnosed chronic kidney disease in different subgroups of patients stratified by age (<65 or ≥65) and diabetes was determined from a North American population based survey 10 The natural course of chronic kidney disease was then determined within the Alberta Kidney Disease Network, 18 a large population based laboratory cohort of patients, with mortality rates and incidence of end stage renal disease estimated over a five year follow-up period Screening for chronic kidney disease would be expected to identify patients with no previous diagnosis who could then receive angiotensin blockade The relative risks of end stage renal disease and death associated with angiotensin blockade were taken from high quality published meta-analyses This information was combined with decision analysis to examine the long term outcomes and costs for a strategy of screening for chronic kidney disease and subsequent management of patients compared with no screening (disease undiagnosed and untreated until detected incidentally during routine care) , proteinuria defined as present if urine dipstick was > trace or urine protein:creatinine ratio >23 mg/mmol (>200 mg/g). 19 glomerular filtration rate) were collected with rigorous methods according to standardised protocols. 23 We also used data from the Alberta Kidney Disease Network, 18 a repository of laboratory data for routinely collected tests (including estimated glomerular filtration rate) for the entire province of Alberta, Canada. Patients in the laboratory repository are linked to provincial healthcare programmes, which care for all dialysis and transplant patients, 24 and to provincial administrative data (using the unique provincial health number) to obtain demographic information (including death) and details regarding use of healthcare resources (physician claims, admission to hospital, and use of prescription drugs (for people aged ≥65)). 25 with the baseline rate being defined by the mean estimated rate of all measurements during the first year. Diabetes mellitus was identified from hospital discharge records and physicians' claims, 26 and other chronic medical conditions were identified with validated algorithms. 27 28 Proteinuria was defined as more than trace on a urine dipstick or if the urine protein:creatinine ratio was >23 mg/mmol (>200 mg/g). 18 The cohort included 290 613 individuals, of whom 55 453 had chronic kidney disease and 30 277 had diabetes. All participants were followed to ascertain the incidence of death, end stage renal disease, and renal replacement therapy until 31 December 2007. Annual rates of these outcomes (stratified by age, presence of diabetes and presence of proteinuria) were estimated for up to five years after the index measurement of glomerular filtration rate, with censoring at end stage renal disease, death, or 31 December 2007 (table 2  and table 3 ).
Mortality
For people without chronic kidney disease, age dependent population mortality rates were estimated from observed rates for Canadians. 29 For people with chronic kidney disease, mortality rates were based on the annual rate observed within the Alberta Kidney 10 †Based on probability of mortality observed in progressively older patients. For example, mean age of patients <65 was 55, and mortality over first five years for this cohort is reported per year by using full cohort. Mortality for years 6-10 estimated on mortality observed for patients with mean age 60 (range 57-63) within each of four diabetes/proteinuria subgroups, while mortality for years 11-15 was based on mortality observed for patients with mean age 65 (63-68) within each of four diabetes/proteinuria subgroups. Disease Network cohort after the initial assessment of estimated glomerular filtration rate. We accounted for age related increases in mortality in those with chronic kidney disease based on the observed mortality rates for patients in different age groups in the network (table 2 and table 3) .
Years
Adherence with screening and incidental case finding We assumed that 50% of people would agree to screening, which requires venipuncture. 30 As estimation of glomerular filtration rate can also occur during routine care, irrespective of screening, we assumed that a proportion of unscreened people would undergo such assessment each year. Using data from the network (to determine the number of people undergoing their first creatinine measurements each year) and the 2006 Canadian census (to define the total Alberta population 31 ), we estimated the annual likelihood of undergoing incidental screening for chronic kidney disease in this previously unscreened population.
Diagnostic investigation for people in whom screening identified chronic kidney disease We assumed that all people with newly diagnosed chronic kidney disease would undergo evaluation by a nephrologist, including a standard laboratory investigation (table 4 ). This assumption was tested in a sensitivity analysis, in which we assumed that only 20% of patients were assessed by a nephrologist with the remainder managed by a primary care physician. Consistent with previous surveys of physicians, 12 32 we also assumed that a kidney biopsy would be done in 5% and 20% of people with incident chronic kidney disease with and without diabetes.
Effectiveness of angiotensin blockade for people with chronic kidney disease The benefit of screening for chronic kidney disease is assumed to be the detection of previously undiagnosed disease, enabling appropriate assessment and management. While detection of previously undiagnosed disease or undiagnosed severe glomerulonephritis requiring immunosuppression is possible, nearly all people detected by screening would have stage 3 chronic kidney disease unrelated to glomerulonephritis 10 ; as such, management would focus on control of blood pressure through the use of angiotensin blockade, particularly in people with proteinuria. [33] [34] [35] While it is possible that people with chronic kidney disease identified by screening would already be receiving angiotensin blockade, given that the target population consisted of people in whom glomerular filtration rate had not previously been measured, we assumed that this would not be the case.
We assumed that people found to have chronic kidney disease would receive an ACE (angiotensin converting enzyme) inhibitor or angiotensin blocker (if tolerated), with a target blood pressure of <130/ 80 mm Hg. We based the effectiveness of angiotensin blockade by conducting a focused literature search that identified relevant high quality meta-analyses and randomised trials in people with chronic kidney disease. 33 35-42 As the effectiveness of angiotensin blockade at reducing end stage renal disease and death varies by diabetes and proteinuria status, we estimated the relative risk for these outcomes separately in these four subgroups (table 4) . Costs related to screening For people without chronic kidney disease, screening included a visit to a primary care physician and measurement of glomerular filtration rate, at a cost of about $C48 (table 5) . In patients found to have chronic kidney disease, the cost of screening was about $C83, accounting for an additional follow-up visit to a physician.
Costs related to managing chronic kidney disease with and without dialysis The cost of managing people with chronic kidney disease was assumed to be the incremental costs resulting from a new diagnosis, including those of nephrologist care, the requirement for angiotensin blockade, and laboratory monitoring (table 5) . As admission to hospital in patients with stage 3-5 non-dialysis chronic kidney disease is usually because of comorbidity and because randomised trials of management of chronic kidney disease have not shown that interventions prevent admissions, we did not include the cost of admissions in our analysis. The annual cost of dialysis was estimated at $C64 218, assuming that nearly 81% of people were treated in haemodialysis centres. 43 44 The cost of transplantation was estimated at $C84 531 for year one and $C35 545 for subsequent years. 45 Valuing health benefits Health benefits were measured in cases of end stage renal disease prevented and QALYs gained. We did not assume any difference in utility estimates for "diagnosed" and "undiagnosed" chronic kidney disease, as studies of antihypertensive therapy (the only additional treatment in people with diagnosed chronic kidney disease) suggest no significant impact on quality of life. 46 We estimated utilities for relevant health states (dialysis and transplantation) based on contemporary Canadian studies. 45 47 Sensitivity and scenario analyses Sensitivity and scenario analyses were performed to determine the impact of uncertainty on the results of the model by varying all key parameters through plausible ranges. We conducted an additional scenario analysis examining the cost effectiveness of screening in 38 both present data from Angiotensin Converting Enzyme Inhibition and Progressive Renal Disease Study Group, who analysed patient level data from 10 and 11 randomised trials, respectively, comparing ACE inhibitors in patients without diabetes with CKD, data from Jafar et al is used for ESRD as it reports data stratified by proteinuria, while data from Giatras et al is used for mortality as they conducted analyses with and without including study of Maschio et al, 66 a small randomised controlled trial reporting relative risk of mortality of 7.55 (95% CI 0.95 to 60.0) associated with use of ACE inhibitor, which was thought implausible. Data from Giatras et al excluding this trial showed no significant different in relative risk of mortality associated with use of ACE inhibitors. †While Strippoli et al 35 presented relative risk of ESRD in patients with diabetes and CKD, most patients had nephropathy and baseline proteinuria. As such, relative risk of ESRD and mortality for patients with diabetes and proteinuria was estimated from Strippoli et al, 35 while relative risk of ESRD and mortality for patients with diabetes without proteinuria was estimated from microHOPE study, 37 which excluded patients with overt nephropathy.
people without diabetes but with known hypertension, reflecting an increased prevalence of chronic kidney disease in people with hypertension, 10 as well as a doubling of the risk of progression to end stage renal disease among people with hypertension. 48 As the cost of managing people with chronic kidney disease varies based on practice patterns, we also assessed the impact of using alternative cost estimates on results.
To address limitations in classic univariate sensitivity analysis, we performed Monte Carlo simulation, which allows for the simultaneous sensitivity analysis of all variables over their plausible range. 49 50 It does so by replacing estimates of probabilities, utilities, and costs with specific probability distributions, which are based on the reported means and variances for each variable. Statistical distributions were created around all of the variables for which there was substantial uncertainty of measurement, including use of a β distribution for proportions (that is, the risk of end stage renal disease and mortality), use of a normal distribution for normally distributed variables (that is, certain costs, relative risks, and utility measures), and log normal distribution for skewed variables (that is, certain costs).
RESULTS
Baseline analyses
Compared with no screening, population based screening for chronic kidney disease was associated with an incremental cost of $C463 and a gain of 0.0044 QALYs per patient overall, representing a cost per QALY gained of $C104 900 (table 6). In a cohort of 100 000 people, screening would be expected to reduce the number of people developing end stage renal disease over their lifetime from 675 to 657 (fig 1) . In subgroups of people aged <65 and ≥65, the cost per QALY gained associated with screening was $C 200 100 and $C93 700, respectively (table 6). CKD=chronic kidney disease; GFR=glomerular filtration rate. *Total annual cost of managing patients with CKD (GFR <60 ml/min) based on proportion of patients with CKD stages 3, 4, and 5 (see table 1 ) and relative cost of managing patients with stages 3, 4, and 5. †Assumes that patients with stages 3 and 4 CKD are seen annually, while patients with non-dialysis stage 5 CKD are seen every four months. ‡Assumes that urine protein:creatinine ratio is monitored every 3 months, with urine protein electrophoresis conducted once in year 1 only. §Assumes that complete blood count, electrolytes, serum phosphate, calcium, and albumin are measured every 3, 2, and 1 months for patients with stages 3, 4, and 5 CKD, respectively, with serum protein electrophoresis being conducted once in year 1 only. ¶Only 20%, and 5% of people without and with diabetes require biopsy. 12 32 **Assumes that 75% 69 of people are treated with ACE inhibitor (generic ramipril $0.63/day), and 25% with angiotensin blockers (irbesartan $1.21/ day) plus appropriate pharmacist prescribing fees. † †On average, people also receive calcium channel blocker and diuretic (Barrett et al, personal communication) at combined cost of $2.04/day, plus appropriate pharmacist prescribing fees. ‡ ‡Assumes 2.6%, 11.6%, and 39.4% of people with stage 3, 4, and non-dialysis stage 5 CKD are taking ESA, 68 and based on average dose of 3351 units/week 68 ($15.31/1000 units). § §Assumes that 2.7% of all people with GFR <60 ml/min/1.73 m 2 are managed in multidisciplinary CKD clinic. 69 In subgroups of people with and without diabetes, the cost per QALY gained was $22 600 and $572 000 , respectively. In a cohort of 100 000 people with diabetes, screening would be expected to reduce the number of people developing end stage renal disease over their lifetime from 1796 to 1741 (fig 1) . In people without diabetes with and without hypertension, the cost per QALY gained was $C334 000 and $C1 411 100, respectively (table 6). Tables 7, 8 , and 9 show the results of sensitivity analyses conducted for the model overall, while tables 10 and 11 show the results of sensitivity analyses on the effectiveness of angiotensin blockade in patients with and without diabetes, respectively. Sensitivity analyses showed that screening restricted to people with diabetes was generally associated with a cost per QALY gained of <$25 000, which was robust to changes in all plausible variables (tables 7-10). Screening in people without diabetes, however, was associated with a cost per QALY of around $50 000 only under scenarios where identification of chronic kidney disease would result in use of treatments that could improve survival by at least 15%, and when the risk of progression to end stage renal disease in the absence of treatment was substantially higher than in the base case (table 11) . Figures 2 and 3 show scatterplots of the incremental cost effectiveness of population based screening compared with no screening overall, highlighting uncertainty in the analysis, which is largely attributed to uncertainty regarding the impact of angiotensin blockade on mortality in people without diabetes and with chronic kidney disease. Given the current evidence of benefit for angiotensin blockade on both mortality and end stage renal disease in people with diabetes and chronic kidney disease, screening of people with diabetes led to better clinical outcomes in all simulations. Our analysis indicates a 37% probability that targeted screening for chronic kidney disease among people with diabetes is associated with a cost per QALY gained of <$20 000 and a 99% probability that the cost per QALY gained is <$50 000.
Sensitivity analyses
Probabilistic sensitivity analysis
DISCUSSION
Population based screening for chronic kidney disease is unlikely to be cost effective in unselected people or in those without diabetes. Although the prevalence of chronic kidney disease might be high enough to make screening worthy of consideration, particularly among older people, 10 most people who would be found to have chronic kidney disease under a population based screening strategy would not have diabetes and would be likely to have non-proteinuric chronic kidney disease, relatively slow loss of kidney function, and low potential to benefit from angiotensin blockade. 39 Therefore, the overall benefit of detecting and treating asymptomatic chronic kidney disease among people without diabetes is low. On the other hand, in people with diabetes, rates of progression to end stage renal disease are much higher, and there is strong evidence that angiotensin blockade reduces such progression 33 36 42 and improves survival. 51 Given this, our study found that screening for chronic kidney disease in people with diabetes is associated with a cost per QALY in a range that is generally considered acceptable.
52-54
Strengths and limitations
We modelled progression of chronic kidney disease and mortality stratified by age, diabetes, and presence or absence of proteinuria using a large cohort of patients with chronic kidney disease followed over five years and estimated the benefit of screening from high quality meta-analyses of angiotensin blockade. Given that previous analyses examining the cost effectiveness of screening have used urine based screening methods, 12 13 and as this might miss a considerable proportion of people with chronic kidney disease, 10 we used estimated glomerular filtration rate to screen for RESEARCH the presence of chronic kidney disease. One limitation of our analysis is that we did not compare our results to a strategy of screening with urinalysis or a combined strategy of glomerular filtration rate and urinalysis, though all patients detected as having chronic kidney disease were assumed to undergo urinalysis. Proteinuria is a powerful predictor of an increased risk of end stage renal disease and death in people with chronic kidney disease. 55 While screening with estimated glomerular filtration rate might identify more people than screening with urinalysis, most people identified are at lower risk of adverse outcomes and do not seem to gain additional benefit from angiotensin blockade. 39 Our analysis was limited by the validity and availability of randomised trials (and meta-analyses) reporting the effectiveness of managing patients with chronic kidney disease. In general though, our analyses were guided by estimates of effectiveness from high quality meta-analyses. Screening in people without diabetes was unattractive given that angiotensin blockade does not seem to reduce mortality in people with non-diabetic renal disease. 38 39 When we assumed that angiotensin blockade reduced mortality by 16% among people without diabetes (consistent with results of a large trial in which most participants did not have chronic kidney disease 37 ), the cost per QALY for screening people without diabetes became more attractive ($40 800), though it is unclear whether this is a reasonable assumption. It could also be argued that people who are identified as having chronic kidney disease would be more likely to receive statins, which have been proved to improve survival in people with mild to moderate chronic kidney disease. [56] [57] [58] [59] In our analysis, however, we assumed that people at risk of cardiovascular events would already be receiving statins or aspirin (even without screening for chronic kidney disease). We therefore modelled only the impact of adding angiotensin blockade. In scenarios where we modelled the impact of treating identified patients with statins as well (resulting in a reduction in mortality of 16% 58 at an additional cost of $620 a year), then the cost per QALY for screening in people without diabetes was $53 700.
We assumed that the incidence of end stage renal disease and death, which was determined in a cohort of people with known chronic kidney disease, would be similar to a cohort of previously unidentified patients with chronic kidney disease who were detected through screening. Although this assumption might overestimate, or underestimate, the true risks, our results were robust to plausible changes in these variables. We also assumed that people with chronic kidney disease identified by screening would not be receiving angiotensin blockade, which seems reasonable given that they had not previously had their glomerular filtration rate measured. Of note, the results did not vary significantly when up to 20% of patients screened were already receiving angiotensin blockade. Finally, our results are most relevant to the Canadian setting. Given that our prevalence estimates are based on a large North American cohort study, 10 our estimates of efficacy based on randomised trials conducted throughout the world, and that Canada has publicly funded healthcare and relative costs that are likely similar to Europe, we think that our results are likely to be valid in other countries.
Comparison with other studies Previous studies have examined only the cost effectiveness of screening with urinalysis or urine based quantitative proteinuria. 12 13 60 Like our study, these studies found that targeted screening of high risk groups (but not population based screening) might be cost effective. 12 13 An analysis by Boulware et al suggested that screening for chronic kidney disease with measurement of proteinuria in patients with hypertension was associated with a cost per QALY of less than US $ 20 000. 12 These analyses, however, assumed that angiotensin blockade would improve survival in people without diabetes, 12 an assumption not supported by available data in patients with chronic kidney disease. 38 39 A study examining the cost effectiveness of population based screening for urinary albumin excretion, with treatment of those noted to have albumin excretion >15 mg/day with fosinopril to prevent cardiovascular events, based on the PREVEND study cohort, reported a cost per life year gained of €16 700. 60 Population based screening for chronic kidney disease has been advocated by some, 4 15 16 and the National Kidney Foundation/Kidney Dialysis Outcomes Quality Initiative clinical practice guidelines for chronic kidney disease have recommended screening for people at high risk of kidney disease, including those with diabetes and hypertension and aged over 60. 1 14 Given that considerable resources would be required to set up a population based screening programme, our results are important. Our analyses suggest that screening for chronic kidney disease with estimated glomerular filtration rate is not cost effective in older people or in those without diabetes with hypertension but for people with diabetes is associated with a cost per QALY gained in the range of other funded interventions. We could not determine whether screening with urinalysis might be more cost effective overall or in certain subgroups compared with estimated glomerular filtration rate.
Conclusions
Our results suggest that population based screening for chronic kidney disease with assessment of estimated glomerular filtration rate is not cost effective overall or in subgroups of people without diabetes but with hypertension or in elderly people. Targeted chronic kidney disease screening with estimated glomerular filtration rate in people with diabetes is associated with a cost per QALY that is similar to other publicly funded interventions. 
WHAT IS ALREADY KNOWN ON THIS TOPIC
Chronic kidney disease is common, and in many patients is asymptomatic and remains undiagnosed
Previous analyses have examined the cost effectiveness of screening with urinalysis rather than estimated glomerular filtration rate, the standard method for diagnosing chronic kidney disease
WHAT THIS STUDY ADDS
Population based screening for chronic kidney disease with estimated glomerular filtration rate assessment is not cost effective overall
Targeted screening of people with diabetes is associated with an acceptable cost per QALY in publicly funded healthcare systems. 
